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Abstract

Background Bimagrumab prevents activity of myostatin and other negative regulators of skeletal muscle mass. This random-
ized double‐blind, placebo‐controlled study investigated safety, pharmacokinetics (PK), and pharmacodynamics of
bimagrumab in healthy older and obese adults.
Methods A cohort of older adults (aged 70–85 years) received single intravenous infusions of bimagrumab 30 mg/kg (n = 6)
or 3 mg/kg (n = 6) or placebo (n = 4) and was followed for 20 weeks. A second cohort of obese participants [body mass index
(BMI) 30–45 kg/m2, aged 18–65 years] received a single intravenous infusion of bimagrumab 30 mg/kg (n = 6) or placebo
(n = 2) and was followed for 12 weeks. Outcomes included the safety, tolerability, and PK of bimagrumab, in both cohorts.
Measures of pharmacodynamics were performed in the older adult cohort to evaluate the effects of bimagrumab on thigh
muscle volume (TMV), total lean body mass (LBM), total fat body mass, and muscle strength.
Results All 24 randomized participants completed the study. The older adults had a mean (±SD) age of 74.5 ± 3.4 years and
BMI of 26.5 ± 3.5 kg/m2. The obese participants had a mean (±SD) age of 40.4 ± 11.8 years, weight of 98.0 ± 11.3 kg, and BMI
of 34.3 ± 3.9 kg/m2. Adverse events in both cohorts were mostly mild. In older adults, most commonly reported adverse
events were upper respiratory tract infection, rash, and diarrhoea (each 3/16, 19%). Obese participants reported muscle
spasms and rash (both 5/8, 63%) most often. Non‐linearity was observed in the PK concentration profiles of both cohorts
due to target‐mediated drug disposition. Bimagrumab 3 and 30 mg/kg increased mean (±SD) TMV (Week 4: 5.3 ± 1.8% and
6.1 ± 2.2%, vs. placebo: 0.5 ± 2.1%, both P ≤ 0.02) and LBM (Week 4: 6.0 ± 3.2%, P = 0.03 and 2.4 ± 2.2%, vs. placebo:
0.1 ± 2.4%), which were maintained longer with higher dose level, while total fat body mass (Week 4: �2.7 ± 2.9% and
�1.6 ± 3.0%, vs. placebo: �2.3 ± 3.2%) decreased from baseline in older adults, with no change in muscle strength.
Conclusions Bimagrumab was safe and well tolerated and demonstrated similar PK in older and obese adults. A single dose
of bimagrumab rapidly increased TMV and LBM and decreased body adiposity in older adults. Muscle hypertrophy and fat loss
were sustained with extended drug exposure.
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Introduction

Several members of the transforming growth factor beta su-
perfamily, such as myostatin, activin A, and others, negatively
regulate skeletal muscle mass in animals and humans.1–3 The
activin type II receptor (ActRII), acting through Smad 2/3, is
the major pathway regulating skeletal muscle size. Modulat-
ing muscle growth by perturbing the signalling pathway with
a decoy receptor, an anti‐ligand approach, mostly against
myostatin, and an ActRII antagonist has been explored over
the past 10 years.4–6

Bimagrumab is a human monoclonal antibody that blocks
the ActRIIs, preventing the activity of myostatin and other
negative skeletal muscle regulators. In preclinical studies, sin-
gle and multiple doses of bimagrumab resulted in consistent
and significant increases in muscle weight and demonstrated
non‐linear pharmacokinetics (PK).7 Results from molecular
and in vivo studies have demonstrated that the dual blockade
of ActRIIA and ActRIIB by bimagrumab results in greater mus-
cle hypertrophy than blocking one subunit or ligand (e.g.
myostatin).8

A single intravenous (i.v.) dose of bimagrumab 3–30 mg/kg
in patients with sporadic inclusion body myositis, sarcopenia,
disuse atrophy, and chronic obstructive pulmonary disease
showed a good safety profile with predictable PK that rapidly
increased skeletal muscle mass.6,9–11 This paper describes the
first study to examine the safety, tolerability, and PK in older
participants and to compare the pharmacodynamics (PD) of
two dose levels of bimagrumab providing different exposure
times, by the magnitude and durability of muscle hypertro-
phy. In addition, data from this study in obese adults address
the question of whether the PK of bimagrumab is affected by
the quantity of adipose tissue and looks at comparative safety

data from drugs with other mechanisms of action on the
myostatin–ActRII pathway.

Methods

Study design

This was a Phase I, randomized double‐blind,
placebo‐controlled study of bimagrumab in 24 healthy older
adult and obese volunteers conducted from February
through September 2012 at two centres in the USA. Partici-
pants were randomized using a traditional 6:2 design
resulting in 18 receiving bimagrumab (n = 12, 30 mg/kg and
n = 6, 3 mg/kg) and six receiving placebo. No restriction on
the number of men or women were made because earlier
data suggested no differences in safety, PK, or PD between
the two sexes. Study drug was administered as a single i.v. in-
fusion of bimagrumab 3 or 30 mg/kg or placebo given over
2 hours (Figure 1). The study comprised screening (up to
4 weeks), pre‐dose baseline assessments, a single dose of
study drug, and a safety follow‐up period (12 weeks in obese
and 20 weeks in older adults). A randomization list was pro-
duced by Novartis Drug Supply Management using a vali-
dated automated system that randomly assigned
participants to one of the treatment arms. All participants, in-
vestigators, and sponsor representatives associated with the
study were masked to treatment allocation.

The institutional review board at each study site approved
the study protocol and amendments. The study was designed,
implemented, and reported in accordance with the ICH
guidelines for Good Clinical Practice and the principles in the

Figure 1 Study participant flow diagram. PD, pharmacodynamics; PK, pharmacokinetics.
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Declaration of Helsinki. All participants provided written in-
formed consent before study initiation.

Participants

Older adults included healthy men and women aged 70–
85 years with a bodyweight of ≥35 kg and body mass index
(BMI) of 18–32 kg/m2. Obese participants were men and
women aged 18–65 years in stable health with a BMI of
30–45 kg/m2 and a bodyweight <120 kg. Participants in both
cohorts were required to have a stable diet, physical activity
or exercise pattern, and bodyweight (±5 kg) within 3 months
of screening, and a complete blood count within normal
limits. Women were required to be of non‐childbearing po-
tential due to menopause or surgical sterility. Exclusion
criteria were presence of cardiac disease or abnormality, his-
tory of hypersensitivity to monoclonal antibodies, protein–
calorie malabsorption, uncontrolled chronic conditions (i.e.
hypertension and type 2 diabetes), diseases known to cause
cachexia, and medications or unregulated remedies that
could affect skeletal muscle metabolism or turnover. Preg-
nant or nursing women were also excluded from the study.

Assessments

The main outcomes focused on the safety, tolerability, and PK
of single i.v. infusions of bimagrumab in older and obese
adults. Safety was assessed by physical exam, electrocardio-
gram, changes in laboratory values, and the incidence of ad-
verse events throughout the study. Immunogenicity was
assessed by the detection of anti‐drug antibodies. PK param-
eters [area under the plasma concentration–time curve from
time 0 to the time of the last measurable concentration (AUC-

last), maximum plasma concentration (Cmax), and time to
reach Cmax (Tmax)] were derived by non‐compartmental
method using WinNonlin Pro Version 5.2. Secondary end-
points included the effect of a single i.v. infusion of
bimagrumab on thigh muscle volume (TMV; assessed by mag-
netic resonance imaging),12 lean body mass (LBM) and fat
body mass (FBM; assessed by dual‐energy X‐ray
absorptiometry),12 and muscle strength (assessed by
one‐repetition maximum leg press)13 in older adults.

Statistical analysis

Demographics, safety, tolerability, PK, and PD were summa-
rized using descriptive statistics. The effect of treatment with
bimagrumab on TMV and LBM was assessed by analysis of co-
variance on log‐transformed data using the treatment and
the log baseline value as covariates. While the study was
not powered for showing a treatment effect on the PD end-
point, as the key objectives were safety, tolerability, and PK,

we still report P‐values for a comparison between treatment
and control. These P‐values should be viewed in an explor-
atory fashion as measuring the uncertainty in the estimated
treatment effect. No correction for multiplicity of testing
was performed. All participants who received one dose of
study drug were evaluated for safety and tolerability, and
participants treated with bimagrumab who had ≥1 measur-
able PK concentration were included in the PK analysis set.

Results

Participant disposition and baseline characteristics

In total, 16 older adults were randomized and completed the
study. Twelve participants received a single i.v. dose of
bimagrumab (2 men and 10 women) and four received pla-
cebo (three men and one women) (Figure 1). The older adult
cohort had a mean (±SD) age of 74.5 ± 3.4 years and was
predominantly Caucasian (94%) with a mean BMI of
26.5 ± 3.5 kg/m2 (Table 1). Randomization resulted in base-
line characteristic differences between treatment groups.
However, none of the differences were considered to influ-
ence the primary or secondary outcomes (safety, PK, or PD)
assessed in the study.

In the second cohort, eight obese adults were randomized
and completed the study. Six participants received a single i.v.
dose of bimagrumab (five men and one women) and two re-
ceived placebo (both women) (Figure 1). Obese participants
had a mean (±SD) age of 40.4 ± 11.8 years, were predomi-
nantly Caucasian (88%), men (63%), and weighed an average
of 98.0 ± 11.3 kg, with a mean BMI of 34.3 ± 3.9 kg/m2. Base-
line characteristics are summarized in Table 1.

Safety

Overall, bimagrumab was safe and well tolerated in this sam-
ple of healthy middle‐aged and older adults. There were no
adverse events leading to discontinuations from the study
and no deaths. The only serious adverse event was an acetab-
ulum fracture that occurred in a participant who received the
placebo. Adverse events were mild or moderate in severity
(Grade 1; CTCAE),14 transient, did not require treatment,
and resolved spontaneously within the follow‐up period.

In the older adult cohort, 10/16 (63%) participants experi-
enced ≥1 adverse event (Table 2). The most commonly re-
ported adverse events were upper respiratory tract
infection, rash, pruritus, papule, and diarrhoea (each 3/16,
19%) followed by gastritis, erythema, and bronchitis (each
2/16, 13%). Muscle‐related symptoms (muscle spasms and
muscle pain/myalgia) were reported in 25% (3/12) of partici-
pants in the bimagrumab group and none in the placebo
group. Overall, adverse events suspected to be related to
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the study drug were reported in 5/16 (31%) participants, pri-
marily papule and erythema (both 2/16, 13%).

Seven of eight (88%) obese participants experienced ≥1 ad-
verse event (Table 2), with the most commonly reported be-
ing rash and involuntary muscle contractions, referred to as
spasms (both 5/8, 63%). Muscle spasms were reported in five
of six (83%) participants in the bimagrumab group and none
in the placebo group. Adverse events suspected to be related
to study drug were reported in 7/8 (88%) participants and in-
cluded rash and muscle spasms (both 5/8, 63%), oral herpes,
dry skin, and diarrhoea (each 1/8, 13%). No serious adverse
event was reported in the obese participants.

No bimagrumab‐related, clinically significant electrocardio-
gram alteration or abnormality was reported in either of the
study cohorts. All changes in laboratory test values during the
study period were judged to be not clinically significant by the
site investigator, and each returned to a normal level prior to
study completion.

Immunogenicity

No anti‐drug antibodies were detected in study participants
from either cohort. In older adults, bimagrumab concentra-
tions remained below the lower limit of detection
(<0.643 μg/mL) for the end‐of‐study samples in all partici-
pants. Conversely, bimagrumab concentrations remained
above the lower limit of detection in 5/6 obese participants.

Pharmacokinetics

The mean plasma concentration–time profile following a sin-
gle i.v. infusion of bimagrumab 3 or 30 mg/kg is shown in Fig-
ure 2. Non‐linear PK was observed in concentration profiles of
both bimagrumab dose levels. Dose proportionality was ob-
served for Cmax but not for AUClast (Table 3). The PK variability
in older adults (~20% CV) and obese participants was rela-
tively low (~10–20% CV) and comparable with that observed
in younger healthy volunteers.15

In older adults administered bimagrumab 3 and 30 mg/kg,
mean Cmax was 90.7 and 982 μg/mL and AUClast was 399 and
7320 μg·day/mL, respectively (Table 3). Similarly, obese par-
ticipants administered bimagrumab 30 mg/kg had a mean C-

max of 944 μg/mL and AUClast of 7650 μg·day/mL (Table 3).

Pharmacodynamics

In healthy older adults, mean (±SD) TMV increased in the
bimagrumab 3 mg/kg (3.9 ± 1.8%; 5.3 ± 1.8%) and
30 mg/kg (4.9 ± 1.6%; 6.1 ± 2.2%) groups and remained un-
changed in the placebo group (�0.7 ± 1.9%; 0.5 ± 2.1%) at
Weeks 2 and 4, respectively (both P ≤ 0.02 compared with
placebo). At Week 16, TMV values remained elevated in theTa
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bimagrumab 30 mg/kg group (4.5 ± 3.3%; P ≤ 0.01) and
returned to baseline in the bimagrumab 3 mg/kg group
(0.01 ± 3.0%) with no change in placebo (�1.2 ± 1.8%)
(Figure 3). Total LBM did not consistently reflect the increases
in TMV. At Week 4, the 3 mg/kg group showed a greater in-
crease in LBM than the 30 mg/kg group (6.0 ± 3.2% vs.
2.4 ± 2.2%; P = 0.03, 3 mg/kg compared with placebo), which
was driven by a median (range) increase of approximately
twice the magnitude [5.9% (1.9 to 10.1%) vs. 3.0% (�1.5 to
4.5%)]. Over the next 12 weeks, LBM decreased in the
3 mg/kg group and continued to increase in the 30 mg/kg
group (Week 16: 2.3 ± 3.3% vs. 4.4 ± 6.2%). Comparably,

the placebo group showed little change at Weeks 4 and 16
(0.1 ± 2.4% and �1.6 ± 2.6%). At the end of the 12 weeks
of follow‐up, LBM returned to near‐baseline values in both
bimagrumab groups (Figure 3). Throughout the study,
changes in appendicular lean mass did not achieve signifi-
cance in either of the bimagrumab groups compared with
placebo. Paralleling LBM changes, participants receiving
bimagrumab 3 mg/kg had greater decreases in total FBM at
4 weeks (�2.7 ± 2.9% vs. �1.6 ± 3.0%), but not at 16 weeks
(�5.3 ± 5.9% vs.�9.3 ± 8.1%), compared with those receiving
bimagrumab 30 mg/kg. The placebo group also showed
decreases in total FBM of �2.3 ± 3.2% and �1.1 ± 1.5%. A

Table 2 Adverse events in the safety population

Older adults

Summary of AEs Bimagrumab 3 mg/kg (n = 6) Bimagrumab 30 mg/kg (n = 6) Placebo (n = 4)

Patients with any AE 4 (67) 4 (67) 2 (50)
Rash 0 2 (33) 1 (25)
Muscle spasms 1 (17) 0 0
Acetabulum fracture 0 0 1 (25)
Anaemia 1 (17) 0 0
Arthralgia 0 1 (17) 0
Bronchitis 1 (17) 1 (17) 0
Contusion 0 0 1 (25)
Cough 0 1 (17) 0
Dermatitis allergic 1 (17) 0 0
Diarrhoea 1 (17) 2 (33) 0
Dizziness 0 0 1 (25)
Erythema 1 (17) 1 (17) 0
Excoriation 0 0 1 (25)
Gastritis 2 (33) 0 0
Gastroenteritis 0 1 (17) 0
Gastroenteritis viral 1 (17) 0 0
Muscle strain 0 1 (17) 0
Musculoskeletal pain 0 1 (17) 0
Myalgia 0 1 (17) 0
Pain 0 0 1 (25)
Pain of skin 1 (17) 0 0
Papule 1 (17) 1 (17) 1 (25)
Pruritus 2 (33) 0 1 (25)
Rash pustular 0 0 1 (25)
Skin burning sensation 1 (17) 0 0
Thermal burn 0 1 (17) 0
Upper respiratory tract infection 1 (17) 0 2 (50)
Viral upper respiratory tract infection 1 (17) 0 0
Vitamin B12 deficiency 0 1 (17) 0

Obese adults
Bimagrumab 30 mg/kg (n = 6) Placebo (n = 2)

Patients with any AE 6 (100) 1 (50)
Rash 5 (83) 0
Muscle spasms 5 (83) 0
Arthralgia 1 (17) 0
Diarrhoea 1 (17) 0
Dry skin 1 (17) 0
Flank pain 1 (17) 0
Headache 1 (17) 0
Nausea 1 (17) 0
Nephrolithiasis 1 (17) 0
Oral herpes 1 (17) 0
Rhinorrhoea 1 (17) 0
Sinus congestion 2 (33) 0

Adverse events (AEs) ≥1% incidence in any group have been listed; data presented as absolute number of cases (relative percentage).
Values are rounded to integer.
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significant difference in body fat loss was seen between the
bimagrumab 30 mg/kg and placebo groups at Week 16
(P = 0.02). No change in muscle strength was detected
in either bimagrumab group over the study period
(Figure 3). Changes from baseline in TMV, LBM, FBM,
and one‐repetition maximum leg press are shown in
Table 4.

Discussion

This study extends the assessment of bimagrumab to two
populations of particular interest for activin receptor block-
ade: the elderly and the obese. Bimagrumab demonstrated
a consistent pharmacokinetic profile across the ranges
of age and BMI of participants, with periods of

Figure 2 Concentration–time profile of bimagrumab in healthy older adults and obese participants. Data presented as mean (standard deviation). (A)
Pharmacokinetics in older adults. (B) Pharmacokinetics in obese participants. Inset figure shows semi‐logarithmic plot.

Table 3 Summary of pharmacokinetic parameters per cohort and treatment

Characteristics

Older adults Obese adults

Bimagrumab 3 mg/kg (n = 6) Bimagrumab 30 mg/kg (n = 6) Bimagrumab 30 mg/kg (n = 6)

AUClast (μg·day/mL) Mean ± SD 399 ± 68.7 7320 ± 1490 7650 ± 526
Range 313–495 5050–8950 6850–8130

Cmax (μg/mL) Mean ± SD 90.7 ± 11.3 982 ± 171 944 ± 185
Range 75.9–105 708–1190 750–1280

Tmax (h) Median 4 4 3.1
Range 2.2–4 2.3–4 2.1–4

AUClast, area under the plasma concentration–time curve from time 0 to the time of the last measurable concentration; Cmax, maximum
plasma concentration; SD, standard deviation; Tmax, time to reach Cmax.
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concentration‐associated linear and non‐linear clearance sug-
gesting target‐mediated drug disposition. Therefore, other PK
parameters, such as clearance and half‐life, could not be de-
rived using non‐compartmental analysis. In older adults, mea-
surable increases in TMV and total LBM, and decreases in
total FBM, were seen in both dose levels of bimagrumab,
with greater durability of the effects seen with longer expo-
sure time.

Bimagrumab was safe in both older and obese adult men
and women. Adverse events centred on tolerability issues in-
volving transient symptoms that spontaneously resolved dur-
ing the follow‐up period and did not result in an early
withdrawal. Two adverse events—submaximal, involuntary
skeletal muscle contractions (referred to as muscle spasms)
and acne or rash—were observed in both cohorts, with a
greater frequency reported by the obese participants. These
two symptoms have been reported throughout the develop-
ment programme of bimagrumab, including in subsequent
studies with similar populations.10,15,16 It is believed that
these muscle symptoms are due to the rapid muscle tissue ac-
cretion (measured as TMV and LBM) inducing some intermit-
tent increased myocyte excitability, while the acne or rash
may be due to the presence of the ActRII on hair follicles
and skin.17 Similar muscle spasms have been described with
other anabolic treatments, including beta‐agonists, andro-
gens, and resistance training.18–20

More specifically, studies with other drugs targeting the
myostatin–ActRII pathway report overlapping safety profiles.
Muscle spasms were reported in the single‐dose study with
the anti‐myostatin antibody domagrozumab, in addition to
headache, fatigue, and upper respiratory tract infections.21

Muscle spasms and rash (both <5% frequency) also were re-
ported in a study of older adult fallers who received 24 weeks
of treatment with LY2495655, another anti‐myostatin
antibody.5 In contrast, the single ascending dose study with
ACE‐031, a decoy ActRIIB receptor, observed increased lipase
and cholesterol levels, headache, and orthostatic hypoten-
sion as the most common adverse events not related to sub-
cutaneous injection but did not report muscle spasms or skin
conditions.4 While similar muscle‐related adverse events are
likely a result of the muscle anabolic effect of the class of
drugs, some differences in symptom profiles between
bimagrumab and other drugs are likely due to the methods
of administration (i.v. infusion vs. subcutaneous injection)
and diverse mechanisms of action.

Findings from this study address the question of whether a
greater amount of adipose tissue (i.e. higher BMI) would af-
fect the PK of bimagrumab. The ActRII is present on a variety
of tissues, including adipocytes.22,23 In this study, the phar-
macokinetic profiles of the 30 mg/kg dose of bimagrumab
were similar in the two study cohorts, suggesting that the
dose level provided sufficient receptor binding for

Figure 3 Per cent change from baseline in thigh muscle volume, lean body mass, appendicular lean mass, and fat body mass in older adults. Data pre-
sented as mean (standard error). Bimagrumab (3 or 30 mg/kg) vs. placebo, *P < 0.05; **P < 0.01; ***P < 0.001. (A) Thigh muscle volume. (B) Lean
body mass. (C) Appendicular lean mass. (D) Fat body mass.
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physiological efficacy in both populations. While a positive
PK–PD relationship was seen in the older adults and not
assessed in the obese subjects, a similar PD effect in obese
adults has been demonstrated in subsequent studies.16,24

The effect of a single dose of bimagrumab on body compo-
sition was evaluated in the cohort of older adults. Measur-
able gains in LBM and TMV were seen with both 3 and
30mg/kg dose levels resulting in significant increases 4 weeks
post dose. Maintenance of the increase in LBM and TMV in
the 30 mg/kg group and return to baseline in the 3 mg/kg
group at 16 weeks post dose demonstrates the consequence
of maintaining or falling below the efficacy threshold of circu-
lating bimagrumab. With target‐mediated drug disposition
being the primary mechanism of clearance, the higher dose
level (30 mg/kg) was able to maintain a circulating level
above the efficacy threshold for a longer period, resulting in
a greater durability of the LBM gained.25 A corresponding im-
provement in strength did not follow the increase in LBM in
this early study, foreshadowing the majority of studies
targeting the myostatin–ActRII pathway that show an
uncoupling of an increase in LBM from a gain in strength.4–
6,11,26,27 With preclinical data showing an increase in force
generation with hypertrophy,7,8 the lack of translation ob-
served may be due to the absence of an effect on mechanical
properties of human aging muscle that improve with
exercise.28 Interestingly, the loss of body fat mass seen with
both dose levels of bimagrumab was lowest 16 weeks post
dose and remained below baseline values 20 weeks after re-
ceiving the single dose.

This study has several limitations. The two cohorts re-
ported here had small sample sizes, there was a gender and
body habitus imbalance among the randomized participants,
and the study evaluated only a single dose of bimagrumab.
While the baseline characteristics are different, no effect on
the primary or secondary outcomes was expected. This study
was part of the early clinical development programme for
bimagrumab and enrolled healthier adults. While both the
older adult and obese subjects were well characterized, indi-
viduals with severe or uncontrolled chronic or acute disease
and women of childbearing potential were excluded for pre-
cautionary reasons due to a lack of experience with
bimagrumab in humans at the time. Therefore, extrapolation
to larger populations of older and obese adults may be lim-
ited. However, subsequent studies in various clinical popula-
tions (inclusion body myositis, sarcopenia, and type 2
diabetes with obesity) have confirmed the results seen here,
although with less intensive PK assessments.24,26,27

Bimagrumab was safe and demonstrated consistent PK in
healthy older adult and obese men and women. Exposure
to a single dose of bimagrumab resulted in a rapid increase
in TMV and total LBM and decrease in total body fat, which
were sustained in the older adults receiving the highest dose
level and longest exposure. The magnitude and duration of
muscle hypertrophy and body fat loss were sustained in theTa
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older adults to a similar extent to that seen in younger and
leaner subjects receiving the same dose level in prior studies.
Findings from this study support further examination of
bimagrumab in older and obese patient populations with
skeletal muscle atrophy and excess adiposity.
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